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This  study  proposes  a  dynamic  impedance  method  to  estimate  the  state  of  charge  (SOC)  and  a  projection 
method  to  estimate  the  state  of  health  (SOH)  of  lithium-ion  batteries.  We  defined  changes  in  voltage  over 
changes  in  current  during  charging  and  discharging  processes  as  the  dynamic  impedance,  which  was 
then  used  to  calculate  SOC.  The  proposed  methods  do  not  require  initial  values,  and  dynamic  impedance 
provides  a  more  accurate  reflection  of  the  electrical  characteristics  of  batteries  compared  to  conventional 
estimation  methods.  This  approach  also  enables  calculations  in  real-time.  The  SOH  of  batteries  de¬ 
generates  with  age,  which  also  alters  the  characteristics  of  dynamic  impedance.  The  proposed  projection 
method  determines  the  SOH  according  to  the  rate  of  change  in  dynamic  impedance  with  respect  to  the 
SOC.  We  also  developed  a  real-time  SOC  and  SOH  estimation  system,  combining  a  microcontroller  and 
estimation  methods  with  a  battery  management  system  (BMS).  The  BMS  retrieves  the  data  required  for 
SOC  and  SOH  estimation  and  includes  various  protection  mechanisms  designed  to  extend  the  lifespan  of 
the  battery.  The  hardware  structure  and  the  software  procedure  of  the  developed  system  are  described  in 
detail.  We  also  present  the  results  of  experiments  verifying  the  accuracy  and  feasibility  of  the  proposed 
estimation  methods. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Environmental  pollution  and  oil  shortages  around  the  world 
have  increased  the  popularity  of  electric  vehicles  [1—5].  Many 
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nations  and  major  automobile  manufacturers  are  thus  investing  in 
the  research,  development,  and  promotion  of  electric  and  hybrid 
vehicles.  However,  high  costs  have  prevented  these  vehicles  from 
securing  a  significant  share  of  the  market.  Battery  modules  account 
for  a  substantial  proportion  of  the  overall  as  well  as  the  core 
component  of  electric  vehicles.  The  capacity  of  these  components 
determines  the  endurance  of  the  vehicle,  while  characteristics  such 
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as  instantaneous  discharge  current,  maximum  continuous 
discharge  current,  weight,  volume,  and  energy  density  determine 
the  vehicle's  performance  [6-10  .  Thus,  a  high-quality  battery 
module  is  essential  for  hybrid  and  electric  vehicles  to  compete  with 
gasoline  vehicles. 

At  present,  the  battery  modules  used  in  electric  cars  actually 
comprise  hundreds  of  cells  linked  in  series  and  parallel.  Despite 
careful  screening,  the  characteristics  of  individual  cells  can  change 
during  use,  which  can  result  in  damage  to  the  overall  battery 
module.  To  extend  the  life  span  of  battery  modules,  most  battery 
modules  are  now  equipped  with  battery  management  systems 
(BMSs)  [11—14].  The  benefits  of  these  devices  generally  outweigh 
the  additional  costs.  The  primary  function  of  a  BMS  is  to  monitor 
parameters  such  as  the  voltage,  current,  and  temperature  of  the 
cells  in  the  battery  module  as  well  as  its  overall  functioning  as  a 
whole,  thereby  ensuring  the  safety  of  its  operation.  A  full-featured 
BMS  provides  protective  functions  which  initiate  protective  mea¬ 
sures  in  the  event  of  abnormalities,  such  as  abnormal  voltages, 
discharge  current,  or  temperatures. 

Batteries  have  limited  storage  capacity,  and  are  able  to  transfer 
energy  only  within  range  of  their  capacity.  A  battery  that  is 
constantly  in  an  overcharged  or  deeply  discharged  state  is  likely  to 
suffer  permanent  damage.  Estimating  the  state  of  charge  (SOC)  is 
therefore  a  crucial  issue  preventing  overcharge  and  over-discharge 
[15-18  .  The  SOC  can  generally  be  defined  as  the  ratio  between  the 
available  capacity  and  maximum  available  capacity,  usually 
expressed  as  a  percentage  19].  The  SOC  cannot  be  derived  directly 
from  measuring  battery  parameters  but  rather  is  estimated  using 
algorithms  and  measurement  data.  The  existing  methods  of  SOC 
estimation  can  be  broadly  divided  into  online  and  offline  ap¬ 
proaches  [20-27].  No  input  of  data  is  required  to  initiate  online 
methods;  rather,  parameters  are  continuously  measured  during  the 
estimation  process.  In  contrast,  offline  methods  require  manual 
input  into  the  requisite  algorithm,  commonly  involving  look-up 
tables  and  discharge  tests.  Offline  methods  allow  for  direct  com¬ 
parisons  with  the  default  data  and  are  easy  to  implement;  however, 
they  tend  to  be  less  accurate,  require  more  time  for  estimation,  and 
are  easily  affected  by  factors  associated  with  the  battery,  operating 
conditions,  and  the  environment.  As  a  result,  online  approaches  are 
the  preferred  method  of  SOC  estimation.  The  most  recognized 
methods  include  the  open  circuit  voltage  method  and  the  Coulomb 
counting  method.  The  former  determines  the  SOC  directly,  ac¬ 
cording  to  the  terminal  voltage  of  the  battery,  while  the  latter  in¬ 
volves  integrating  the  current  in  time  to  calculate  the  energy 
entering  and  leaving  the  battery.  Although  these  methods  are 
simple  and  inexpensive,  they  have  definite  limitations.  For 
instance,  the  open  circuit  voltage  method  uses  the  terminal  voltage 
to  determine  the  charge  capacity,  which  requires  that  the  battery 
remain  unused  for  a  long  period  of  time.  The  batteries  of  electric 
vehicles  are  often  in  constant  use,  such  that  the  intervals  between 
use  are  too  short  to  enable  accurate  SOC  estimation  [28,29  .  The 
Coulomb  counting  method  calculates  only  the  energy  passing  in 
and  out  of  the  battery  and  thus  only  the  changes  in  the  SOC. 
Determining  the  actual  SOC  requires  an  accurate  initial  value.  As  a 
result,  this  approach  is  generally  used  in  conjunction  with  the  open 
circuit  voltage  method;  however,  discrepancies  between  the  initial 
value  and  the  actual  SOC  can  lead  to  errors  in  subsequent  results 
[30,31  .  Thus,  an  increasing  number  of  researchers  have  been 
looking  for  an  SOC  estimation  approach  that  is  more  efficient,  more 
rapid,  and  more  accurate.  Theories  and  technologies  from  other 
domains,  such  as  artificial  neural  networks,  fuzzy  logic,  and  the 
Kalman  filter,  have  been  applied  to  online  SOC  estimation;  how¬ 
ever,  persistent  limitations  have  thus  far  prevented  their  being 
applied  commercially.  For  example,  artificial  neural  networks  can 
be  applied  to  all  types  of  batteries;  however,  the  algorithm  requires 


a  substantial  amount  of  data  for  training  and  is  slow  to  converge. 
Fuzzy  logic  is  also  applicable  to  all  types  of  batteries,  but  the  defi¬ 
nitions  of  its  membership  functions  are  extremely  subjective  and 
thus  unsuitable  for  large  models.  Similarly  applicable  to  all  types  of 
batteries,  the  Kalman  filter  is  suitable  for  dynamic  applications  such 
as  electric  vehicles;  however,  this  algorithm  is  unduly  complex. 

Another  important  parameter  of  batteries  is  the  state  of  health 
(SOH)  [32,33  .  This  represents  the  extent  of  aging  in  the  battery  and 
is  generally  defined  as  the  ratio  between  the  maximum  available 
capacity  and  the  rated  capacity,  also  expressed  as  a  percentage.  The 
calculation  of  SOH  is  crucial  to  understanding  the  exact  aging 
conditions  and  maximum  available  capacity  in  a  battery,  as  well  as 
a  key  factor  in  determining  when  a  battery  should  be  replaced. 
Conventional  techniques  include  the  standard  charge  and 
discharge  method  and  the  internal  resistance  method.  The  former 
involves  discharging  the  battery  to  the  cut-off  voltage  using  the 
standard  discharge  current  and  then  charging  the  battery  to  the 
charge  limit  voltage  using  the  standard  charge  current.  The  ratio 
between  the  charge  capacity  and  the  rated  capacity  is  then  calcu¬ 
lated  and  converted  to  a  percentage  which  is  defined  as  SOH  [34  .  In 
the  latter,  an  unused  battery  is  discharged  using  a  pulse  current, 
during  which  variations  in  voltage  are  recorded.  The  open  circuit 
voltage,  voltage  variations,  and  currents  are  used  to  calculate  the 
internal  resistance  of  the  battery,  which  is  then  used  to  determine 
the  extent  of  aging  in  the  battery.  Unfortunately,  both  of  these 
methods  have  shortcomings.  The  standard  charge  and  discharge 
method  requires  an  extremely  long  period  of  time  to  complete 
measurements,  thereby  ruling  out  real-time  detection.  Further¬ 
more,  the  measurement  process  results  in  the  wasteful  consump¬ 
tion  of  a  considerable  amount  of  energy  and  necessitates 
specialized  instruments  and  equipment  that  cannot  be  operated 
without  training.  The  internal  resistance  method  requires  a  test 
component  or  circuit  comprising  high  resolution  equipment  to 
ensure  accurate  measurement,  which  makes  this  method  both 
cumbersome  and  costly.  In  addition,  the  method  is  applicable  only 
to  unused  batteries,  which  again  prevents  real-time  measurement 
[35,36]. 

Besides,  in  order  to  realize  the  electrochemical  impedance 
characteristic  of  the  battery,  the  electrochemical  impedance  spec¬ 
troscopy  (EIS)  was  widely  applied  in  several  researches  [37-40]. 
The  EIS  is  a  nondestructive  technique  designed  to  understand  the 
electrochemical  impedance  characteristic  of  a  battery.  Before  using 
this  method,  an  equivalent  circuit  model  is  essential.  Next,  it  ap¬ 
plies  a  sinusoidal  voltage/current  signal  to  the  battery  and  analyzes 
the  current/voltage  response  respectively  at  wide  range  fre¬ 
quencies  [37,40  .  And  then  the  electrochemical  impedance  char¬ 
acteristic  of  the  battery  can  be  determined  by  some  figures,  which 
are  plotted  by  the  measured  results,  for  example,  Lissajous  figure 
and  Nyquist  plot  [37^0].  However,  the  used  equivalent  circuit 
model  must  have  high  accuracy,  that  is,  the  equivalent  circuit 
model  is  complex  with  a  large  number  of  elements.  Moreover,  EIS 
cannot  be  used  in  the  charging  or  discharging  process  since  it  has  to 
apply  the  various  sinusoidal  voltage/current  signals  to  the  battery 
and  observe  the  responses.  As  a  result,  EIS  cannot  be  used  to 
implement  the  real-time  SOC  and  SOH  estimation  function  of  a 
battery.  Therefore,  this  study  proposed  the  dynamic  impedance 
method  to  overcome  these  mentioned  shortcomings. 

This  study  implemented  a  real-time  SOC  and  SOH  estimation 
system  in  which  BMS  is  used  to  capture  the  electronic  character¬ 
istics  of  the  battery  module.  A  microcontroller  (MCU)  serves  as  the 
control  center  of  the  system  to  calculate  the  SOC  and  SOH  of  the 
battery.  Chapter  2  details  the  proposed  SOC  and  SOH  estimation 
methods  and  Chapter  3  presents  the  hardware.  Chapter  4  describes 
the  software  procedures,  and  Chapter  5  presents  experiment  re¬ 
sults  verifying  the  efficacy  of  the  proposed  techniques. 
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2.  Proposed  battery  SOC  and  SOH  estimation  methods 

As  previously  mentioned,  the  common  limitations  of  existing 
SOC  estimation  methods  include  1 )  the  need  for  initial  values  or 
historical  data,  2)  the  inability  to  perform  real-time  detection,  and 
3)  the  inability  to  determine  the  actual  SOC  from  calculations  in  the 
event  of  fluctuations  in  SOH.  Current  SOH  estimation  methods  are 
limited  by:  1)  the  inability  to  perform  real-time  detection  and  2) 
the  necessity  of  additional  test  components  or  circuits.  To  overcome 
these  issues,  this  study  proposed  a  dynamic  impedance  method  to 
estimate  the  SOC  and  a  projection  method  to  estimate  the  SOH  of 
batteries.  Neither  of  these  methods  includes  temperature  as  a 
parameter  in  this  study. 

For  the  dynamic  impedance  method,  we  define  the  ratio  of  the 
voltage  and  current  variations  (AV,  A I)  of  a  battery  during  the 
charging  and  discharging  processes  as  the  dynamic  impedance.  This 
serves  as  the  basis  for  SOC  estimation,  obviating  the  need  for  initial 
values  or  historical  data.  The  proposed  method  is  able  to  produce 
results  very  rapidly  (approximately  10  s),  making  it  applicable  to 
near  real-time  measurement.  The  proposed  projection  method  does 
not  require  additional  testing  components  or  circuits,  using  the  re¬ 
sults  of  dynamic  impedance  to  calculate  the  SOH  of  the  battery.  Most 
importantly,  the  parameters  used  in  the  proposed  methods  are 
continuously  updated  according  to  the  SOH  of  the  battery 
throughout  calculation  process,  thereby  providing  a  true  indication 
of  the  SOC  of  the  battery.  In  this  chapter,  we  present  the  theory  and 
parameter  calculations  of  the  two  proposed  methods. 

2.2.  Theory  of  dynamic  impedance  method  and  projection  method 

For  SOC  estimation,  this  study  employed  voltage  and  current 
variations  A  V  and  A/  captured  by  the  BMS  from  the  battery  module 
(comprising  8  cells)  under  specific  load  conditions  at  a  sampling 
rate  of  1  Hz  as  shown  in  Fig.  1. 


w  =  \v2-v^\ 

(1) 

A/=|/2-/il 

(2) 

This  study  tested  a  lithium-ion  battery  module  to  determine  the 
relationship  between  SOC  and  dynamic  impedance.  We  monitored 
the  voltage  and  current  values  while  a  battery  tester  discharged  the 
battery  from  an  SOC  of  100%  to  that  of  0%;  the  results  of  which  are 
presented  in  Fig.  2.  The  curve  in  the  figure  is  similar  to  a  parabolic 
curve.  Dynamic  impedance  can  therefore  be  expressed  as 

^  =  a(SOC)2  +  b{  SOC)  +  C.  (4) 

The  parameters  a,  b ,  and  c  reflect  the  electrical  characteristics  of 
the  lithium-ion  battery.  Eq.  (4)  can  be  rewritten  as  follows: 
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From  the  above  equation  we  can  see  that  the  minimum  value  of 
the  curve  is  (— b/2a,  4ac  -  b2\Aa)  and  the  curvature  of  the  parabola 
is  a.  This  latter  value  determines  the  orientation  of  the  parabola 
(upward  if  a  is  positive  and  downward  if  a  is  negative).  Larger 
values  for  a  indicate  a  greater  curvature;  dynamic  impedance  is 
therefore  greater  when  the  battery  is  closer  to  empty  or  fully 
charged.  Experimental  results  revealed  that  under  the  same  load 
conditions,  older  batteries  display  greater  variations  in  voltage  ( AV) 
when  they  are  near  empty  or  full.  In  other  words,  the  dynamic 
impedance  is  greater.  From  this,  we  can  infer  that  the  dynamic 
impedance  of  aged  batteries  is  greater  than  that  of  new  batteries 
when  they  are  near  empty  or  full.  This  enables  us  to  determine  the 
SOH  of  the  battery  according  to  parameter  a.  In  terms  of  SOC,  Eq.  (4) 
shows  that  one  dynamic  impedance  value  corresponds  to  two 
different  SOCs.  Therefore,  we  cannot  merely  use  the  dynamic 
impedance  for  the  estimation  of  SOC.  To  overcome  this  problem,  we 
further  calculated  the  derivative  in  SOC  with  respect  to  the 
nonlinear  dynamic  impedance  in  order  to  obtain  a  single  solution 
for  the  SOC.  A  linear  equation  using  one  variable  can  be  derived 
using  Eq.  (4),  thereby  providing  a  single  solution  for  SOC. 


A(AV/A7) 

ASOC 


2a(SOC)  +  b 


The  ratio  of  the  two  is  defined  as  the  dynamic  impedance: 


AV  \V2  —  V\ 


n 
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Using  Eq.  (6),  we  can  plot  the  relationship  between  A(AV/A/)/ 
ASOC  and  SOC,  as  shown  in  Fig.  3.  The  graph  shows  that  the 
equation  is  an  injection,  such  that  when  A(  A\//A/)/ASOC  is  obtained, 
the  corresponding  SOC  of  the  battery  can  also  be  derived.  When 
A(AV/A/)/ASOC  is  0,  SOC  is  -(b/2a).  We  can  therefore  rewrite  Eq.  (6) 
as  follows: 


SOC 


~A(AV"/A/) 

ASOC 


Eq.  (7)  provides  the  only  solution  for  the  SOC.  In  the  next  sec¬ 
tion,  we  examine  the  relationship  between  parameters  a  and  b  in 


SOC 


Fig.  1.  Dynamic  impedance  (AV/A/). 


Fig.  2.  Characteristic  curve  of  SOC  corresponding  to  dynamic  impedance. 
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Fig.  5.  (AV/AJ)  vs.  SOC  under  various  SOH. 


SOC 


detail.  A(AV/A/)  can  be  obtained  for  real-time  operations  while 
the  battery  is  being  charged  or  discharged.  However, 
ASOC  =  SOC2  -  SOCi,  which  is  unknown.  In  the  event  that  the  load 
conditions  of  the  batteries  change,  the  relationship  between  the 
load  current  and  time  is  linear.  As  a  result,  the  relationship  between 
the  current  and  the  SOC  is  as  shown  in  Fig.  4. 

The  above  figure  illustrates  that  ASOC  can  be  derived  using  the 
Coulomb  counting  method: 


ASOC 


SOC2  -  SOC! 


1/2  x  \I2+h\  x  [(n  +  1) 


1  \I2  + 1\  |  x  An  _  1  \l2  + 1\  |  x  An 

2  Orated  2  Qated  x  3600 


n] 


where  the  frequency  of  data  acquisition  in  the  BMS  is  1  Hz.  Thus, 
An  =  1  s.  The  term  Crated  x  3600  (rated  current  multiplied  by  one 
hour)  represents  the  rated  capacity  of  the  battery  cell. 

Fig.  2  indicates  that  the  dynamic  impedance  of  the  battery 
changes  with  the  SOC.  We  can  thus  infer  that  under  conditions  of 
severe  aging,  the  voltage  increments  and  decrements  of  the  bat¬ 
tery  will  be  more  pronounced,  with  a  resulting  increase  in  the 
dynamic  impedance.  In  other  words,  the  dynamic  impedance  of  an 
aged  battery  is  far  higher  than  that  of  a  new  battery.  This  is  evident 
in  Fig.  5,  in  which  curve  A  is  the  characteristic  curve  of  a  new 
battery  and  curve  B  is  that  of  an  aged  battery.  Under  these  con¬ 
ditions,  if  we  calculate  the  rate  of  change  in  the  characteristic  curve 
with  respect  to  the  SOC,  the  slope  of  the  SOC  variation  curve  will  be 
greater,  as  shown  in  Fig.  6.  Thus,  the  greater  the  degree  of  aging  in 


the  battery,  the  greater  the  slope  of  the  A(AV/A/)/ASOC  to  SOC 
characteristic  curve.  In  addition,  the  length  of  the  projection  on  the 
SOC  axis  will  be  shorter.  Curves  A  (green)  and  B  (red)  in  Fig.  6 
illustrate  (in  the  web  version)  the  SOH  corresponding  to  two  de¬ 
grees  of  aging.  Smaller  slopes  lead  to  longer  projections  on  the 
SOC,  which  indicate  that  the  battery  can  store  and  release  a  greater 
amount  of  energy.  In  contrast,  greater  slopes  lead  to  shorter  pro¬ 
jections  on  the  SOC  axis,  indicating  that  the  battery  is  unable  to 
store  or  release  as  much  energy.  Thus,  as  shown  in  Fig.  6,  calcu¬ 
lating  the  slope  of  the  characteristic  curve  provides  a  basis  for 
determining  the  SOH  of  the  battery.  This  method  is  referred  to  as 
the  projection  method. 

2.2.  Parameter  calculation  for  dynamic  impedance  method  and 
projection  method 

The  above  discussion  indicates  that  by  deriving  parameters  a 
and  b ,  we  can  use  Eq.  (7)  to  calculate  the  SOC  of  the  battery.  The 
steps  to  deriving  parameters  a  and  b  are  as  follows. 

2.2.2.  Step  2;  Obtain  parameter  a 

First,  we  can  use  the  rate  of  change  in  the  tangent  slope  A(AV/ 
A/)/ASOC  with  respect  to  the  SOC  in  order  to  derive  the  charac¬ 
teristic  curve  of  the  relationship  between  dynamic  impedance  and 
the  SOC  by  calculating  two  tangent  slopes,  as  shown  in  Fig.  7.  As  can 
be  seen  in  the  figure,  we  need  only  obtain  the  second  derivative  of 
the  dynamic  impedance  with  respect  to  SOC  to  derive  a  fixed  value: 
2a.  The  equation  can  be  written  as 


d2(Al//A7)  A[A(AU/A/)] 

dSOC  A  [ASOC] 


a(av/ai) 

a(soc) 


soc 
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Fig.  7.  Relationship  curve  between  A(AV/A/)/ASOC  and  SOC. 


However,  as  shown  in  Fig.  6,  the  value  of  a  is  influenced  by  the 
degree  of  aging  in  the  battery,  and  for  this  reason,  a  is  not  fixed  but 
rather  updates  constantly  with  the  SOH  of  the  battery. 


2.2.2.  Step  2:  Obtain  parameter  b 

Fig.  8  is  used  to  obtain  parameters  b ,  SOC  and  SOH.  Lines  A  and 
line  B  are  the  characteristic  curves  of  a  new  battery  and  the  current 
battery,  respectively.  Their  respective  linear  functions  are 
y  =  2aix  +  b\  andy  =  2a2X  +  £>2-  Both  have  length  L  and  parameters 
a\  and  b\  are  known.  Point  (xi,yi)  is  the  intersection  node.  The  SOH 
of  the  new  battery  is  SOHorigin  and  the  SOH  of  the  current  battery  is 
SOHnow-  By  substituting  point  (xi,  y\)  into  the  linear  functions,  we 
obtain 

y1=2a1x1+b1  (10) 


Fig.  9.  Proposed  SOC  and  SOH  estimation  system. 


[  -  (f>2  -  bi)/2(a2  -  Qi)]  +  (b2/2a2) 

[  _  (b2  -  fai)/2(a2  -  a,)] 

=  [{a2b]  -  a-[b2)  / - — s - tt — 7—  (15) 

7  [(cubi -a1b2)/(a2-a1)]-b2 

Adjusting  this  equation  gives  us  b2: 


1)1(02-0,) 

Lb  = - ~ - 

2  a 


Thus,  parameter  b2  is  a  relationship  among  cq,  a2  and  b\  and  is 
therefore  influenced  by  the  SOH  of  the  battery.  Furthermore, 
parameter  b2  is  not  a  constant. 


and 

y1=2a2x1+b2  (11) 

Adjusting  these  equations  (10)  and  (11)  provides  x\  and  y\ 


*1 


~(fa2  zhl 

2(a2  -  a,) 


(12) 


and 


yi 


a2bi  -  ajh 

a2  -  ax 


(13) 


These  two  variables  are  related  via  the  triangle  in  Fig.  8,  as 
follows: 


*i  —  (  —  b2/2a2) 


y  i 


y  1  -b: 


(14) 


Substituting  equations  (12)  and  (13)  forxi  andyi  enables  us  to 
rewrite  equation  (14)  as 


SOC 


2.2.3.  Step  3:  Obtain  SOC 

The  SOC  is  obtained  by  substituting  parameters  a  and  b  into 
Eq.  (7). 


2.2.4.  Step  4:  Obtain  parameter  SOH 

According  to  Fig.  8,  the  relationship  between  SOHnow  and 
SOHorigin  can  be  written  as 

SOHnow  _  L  X  cos  e2  _  cosftarrbag) 

SOHorigin  L  x  cos  6]  cos  (tan-1 2a,) 

Thus 


SOH 


now- 


SOH 


origin 


cos(tan_12a2) 

cosftan^a!) 


(18) 


where  the  SOHorigin  is  defined  as  100%. 

The  above  inferences  show  that  both  the  SOC  and  the  SOH  of 
batteries  are  associated  with  the  value  of  a.  Thus,  the  dynamic 
impedance  method  establishes  a  connection  between  SOC  and 
SOH. 


3.  Hardware  structure 

This  study  combined  an  MCU  with  the  BMS  in  order  to  imple¬ 
ment  the  SOC  and  SOH  estimation  methods  presented  in  the  pre¬ 
vious  chapter.  Fig.  9  presents  the  relevant  block  diagram.  In  the 
proposed  system,  the  BMS  directly  detects  the  voltage  and  current 
of  each  cell  in  the  battery  module  during  charging  and  discharging. 
It  also  detects  the  temperature  of  the  battery  module.  This  data 
serves  as  a  reference  from  which  to  initiate  protective  mechanisms 
related  to  over  voltage  (OV),  under  voltage  (UV),  over  current  (OC), 
short  circuit  (SC),  over  temperature  (OT),  and  under  temperature 
(UT).  Furthermore,  the  data  obtained  by  the  BMS  is  also  sent  to  the 
MCU  via  the  I2C  (inter-integrated  circuit)  interface  for  further 


866 


M.-H.  Hung  et  al.  /  Journal  of  Power  Sources  268  (2014)  861-873 


y 


f - \ 

charger 

V _ / 


I  C  interface 


SCL  * 
SDA  * 


MCU 


y 


Fig.  10.  Battery  management  system  (BMS). 


detection  circuit  measures  the  voltage  and  current  of  each  cell  in 
the  battery  module  during  charging  and  discharging  as  well  as  the 
temperature  of  the  battery  module. 

Fig.  11  illustrates  the  voltage  and  current  detection  circuit  used 
in  this  study.  The  operational  principle  of  the  voltage  detection 
circuit  adopts  the  negative  electrode  of  the  bottommost  battery 
cell  (cell_l)  as  the  negative  electrode  of  the  battery  module.  In 
other  words,  this  electrode  serves  as  the  voltage  reference  point. 
By  measuring  the  voltages  on  the  positive  electrode  of  each  cell 
(V\  ~  V\ y)  and  then  subtracting  the  voltage  on  the  positive  elec¬ 
trode  of  the  previous  cell,  we  can  obtain  the  voltage  of  each  cell 

( VcN): 


processing.  The  resulting  SOC  and  SOH  are  then  displayed  on  an 
LCD. 

3.1.  Battery  management  system  (BMS) 

This  study  employed  a  BMS  to  monitor  the  charging  and  dis¬ 
charging  processes  and  perform  protective  functions,  as  outlined  in 
the  block  diagram  in  Fig.  10.  The  BMS  in  this  study  was  designed  for 
Li-ion  batteries  and  is  suitable  for  high  power  applications,  such  as 
electric  bicycles,  electric  motorcycles,  and  UPS  [41  .  The  BMS 
comprises  a  detection  circuit,  a  protection  circuit,  an  I2C  interface, 
and  two  independent  loops  for  charging  and  discharging.  The 


Vcn  =  Vn~VN- i  (19) 

BMS  can  measure  the  voltage  of  each  cell  and  the  total  voltage  of 
the  battery  module  by  using  this  method.  The  operational  principle 
of  the  circuit  for  current  detection  involves  equipping  the  charging 
and  discharging  circuits  with  a  current  sampling  resistor  ftSense- 
When  the  current  flows  through  Rse nse,  a  voltage  drop  Vsense  will 
occur.  The  BMS  retrieves  this  voltage  signal  and  converts  it  into  a 
current  signal,  as  follows: 

f  —  ^sense/^sense  —  ^sense/0.005  Q  =  200  Vsense  (20) 

The  Rsense  used  in  this  study  is  0.005  Q. 


Fig.  11.  Detection  circuit  of  BMS. 
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As  shown  in  Fig.  11,  the  voltage  and  current  data  are  sent  to 
multi-channel  ADCs  for  analog-to-digital  conversion,  the  specifi¬ 
cations  of  which  are  listed  in  able  1.  The  respective  ADCs  on  the 
current  channel  and  the  voltage  channel  each  possess  a  bits  to 
signify  positivity  and  negativity,  such  that  the  actual  resolutions  are 
15  bit  and  11  bit.  Thus,  the  current  and  voltage  resolutions  are 

/resolution  =  (250  mV/0.005  Q)  /215  =  1.52  mA  (21) 

and 

Resolution  =  5  v/211  =  2.44  mV  (22) 

The  produced  signals  are  weak  because  the  resolution  of  the 
ADC  in  the  detection  circuits  the  detection  circuits  in  the  BMS 
operate  at  the  in  the  BMS  operate  at  the  mV  level.  Therefore, 
measurement  noise  may  lead  to  errors  in  calculation.  The  following 
steps  were  introduced  to  mitigate  this  problem. 

3.2.2.  IC  VCC  power  supply  input  capacitor  and  decoupling  capacitor 
A  10  pF  electrolyte  capacitor  and  0.1  pF  ceramics  capacitor  were 
used  as  the  input  capacitor  and  decoupling  capacitor,  respectively. 
They  were  placed  as  close  as  possible  to  the  VCC  pin  of  the  IC  and 
the  traces  were  shortened  and  widened  to  minimize  low  frequency 
and  high  frequency  coupling  noise. 

3.2.2.  LDO  output  capacitor 

To  reduce  high  frequency  noise,  the  output  of  the  LDO  was 
connected  to  a  10  pF  ceramic  capacitor  with  low  ESR  (equivalent 
series  resistance,  ESR).  In  addition,  the  ceramic  capacitor  was 
placed  as  close  as  possible  to  the  LDO  output  pin. 

3.2.3.  Voltage  measurement  circuit 

A  low  pass  filter  was  used  to  minimize  differential  noise  and 
voltage  spikes  in  the  voltage  measurement  circuit.  This  filter 
comprised  a  resistor  and  capacitor,  as  shown  in  Fig.  11,  where 
Rp i  =  510  Q  and  Cp\  =  1  pF.  In  consideration  of  ESD  and  EMI,  ac¬ 
cording  to  [42]  the  voltage  sense  circuit  was  shielded  using  a  GND 
plane  from  the  connector  for  connecting  the  battery  cell  to  low  pass 
filter. 


As  the  battery  module  charges  and  discharges,  the  BMS 
continually  monitors  the  condition  of  the  battery  module  to  ensure 
that  the  battery  is  being  used  under  normal  (safe)  conditions.  In  the 
event  of  abnormal  operations,  protective  mechanisms  must  be 
initiated.  The  BMS  in  this  study  possesses  comprehensive  protec¬ 
tive  mechanisms  divided  into  two  stages.  The  first  stage  includes 
basic  protection  with  regard  to  over  voltage  (OV),  under  voltage 
(UV),  over  current  (OC),  short  circuit  (SC),  over  temperature  (OT), 
and  under  temperature  (UT).  When  the  BMS  detects  voltages, 
currents,  or  temperatures  reaching  a  preset  threshold,  a  warning 
signal  notifies  the  user  to  replace  the  battery  module.  The  second 
stage  involves  advanced  protection  for  extremely  high  voltage 
permanent  failure  (VHPF),  extremely  low  voltage  permanent  fail¬ 
ure  (VLPF),  cell  voltage  unbalance  permanent  failure  (CUPF),  and 
MOSFET  failure  permanent  failure  (MFPF).  When  the  BMS  perceives 
voltages,  currents,  or  temperatures  that  require  second-stage  pro¬ 
tection,  the  protection  circuit  shown  in  Fig.  12  is  initiated.  The 
MOSFET  driver  turns  off  the  MOSFETs  on  the  charge  or  discharge 
loops,  thereby  preventing  the  battery  module  from  continuing  to 
charge  or  discharge. 

The  data  obtained  by  the  BMS  is  sent  to  the  protection  circuit,  as 
well  as,  the  MCU  via  the  J2C  interface  for  computation,  as  shown  in 
Fig.  13.  The  I2C  interface  is  a  communication  interface  for  peripheral 
devices  such  as  the  BMS,  the  MCU,  and  the  digital-to-analog  con¬ 
verter.  The  interface  has  only  two  pins,  one  for  SDA  (data)  and  one 
for  SCL  (clock),  as  shown  in  Fig.  13.  This  involves  transmitting  data 
through  a  master-slave  relationship,  making  it  very  easy  to  use.  A 
single  master  controls  all  of  the  transmission  lines,  and  the  devices 
at  each  slave  node  are  given  different  device  addresses,  which  the 
master  node  uses  for  the  selection  of  slave  devices.  The  slave  de¬ 
vices  then  passively  meet  the  requirements  of  the  master  by 
reading  or  writing  data.  Flowever,  the  SCL  is  provided  by  the  master, 
such  that  interferences  in  synchronization  can  occur  when  the 
distance  between  the  master  and  the  slave  is  too  great  or  when 
severe  noise  exists  in  the  wiring.  In  the  proposed  real-time  SOC  and 
SOH  estimation  system,  the  master  is  the  MCU,  and  the  slave  is  the 
BMS.  Thus,  the  MCU  will  selects  the  device  address  of  the  BMS  and 
then  uses  the  J2C  interface  to  read  the  information  from  the  BMS 
and  conduct  the  required  operations. 

3.2.  Microcontroller  (MCU) 


3.1.4.  Current  measurement  circuit 

The  current  measurement  circuit  transmitted  current  signal 
through  a  low  pass  filter  to  the  pin  of  the  IC.  The  low  pass  filter 
comprised  two  resistors  Rp 2  and  two  capacitors  Cp 2  (filtering  dif¬ 
ferential  noise)  and  a  capacitor  Cr  (filtering  common  noise),  as 
shown  in  Fig.  11,  where  Rr  =  100  Q,  Cr  =  0.1  pF  and  Cf3  =  0.1  pF. 

3.1.4.  GND  system 

Separating  the  grounds  of  analog,  digital,  and  power  is  a  simple, 
effective  method  used  for  noise  suppression.  This  does  not  imply 
that  the  grounds  are  electrically  isolated  within  the  system.  They 
must  share  a  common  point,  preferably  at  the  negative  terminal  of 
the  battery  module  in  this  study. 


Table  1 

The  specifications  of  multi-channel  ADC. 


16-Bit  (signed) 
±250  mV 

12-Bit  (signed) 
-0.3  V— 5.0  V 


Current  channel 
Resolution 

Input  voltage  (VSEnse)  range 
Voltage  channel 
Resolution 

Input  voltage  (VcN)  range 


The  core  of  the  proposed  real-time  SOC  and  SOH  estimation 
system  is  the  MCU,  which  is  connected  to  the  BMS  via  an  I2C 
interface  and  retrieves  the  voltages  and  currents  of  each  cell  in  the 
battery  module.  Furthermore,  it  executes  the  proposed  dynamic 
impedance  and  projection  methods  for  estimating  the  SOC  and  SOH 
of  the  battery  module  before  using  the  input/output  (I/O)  ports  to 
display  the  results  on  the  LCD. 

The  MCU  used  in  this  system  comprises  a  processor,  an  I2C 
interface,  and  five  sets  of  I/O  ports  (A  ~  E),  as  shown  in  Fig.  14.  The 
input  and  output  ports  are  used  to  transmit  analog  signals  and  link 
to  various  peripheral  devices.  For  example,  the  system  outputs  11 
sets  of  analog  signals  to  control  the  LCD  and  display  the  required 


Fig.  12.  Protection  circuit  of  BMS. 
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Fig.  13.  I2C  interface  of  BMS. 


text.  The  8-bit  processor  is  able  to  process  16  MIPS  (millions  of 
instructions  per  second),  which  is  sufficient  to  connect  to  the  BMS, 
retrieve  data,  conduct  the  calculations  associated  with  the  dynamic 
impedance  and  projection  methods,  and  control  the  LCD  within 
one  second.  Thus  device  also  possesses  multiple  interrupt  capa¬ 
bility,  which  enables  users  to  establish  various  priorities.  The  fre¬ 
quency  of  the  internal  timer  reaches  32  kHz,  which  is  sufficient  to 
process  the  associated  programs.  The  MCU  also  contains  an  I2C 
interface  to  set  it  as  the  master  node,  assign  device  addresses,  link  it 
to  the  slave  devices,  and  access  data  in  the  device  registers.  Once 
the  MCU  is  connected  to  the  BMS  through  the  I2C  interface,  it  can 
access  the  data  in  eight  cell  voltage  registers  and  the  current  reg¬ 
ister  then  excuse  the  calculations. 

4.  Software  procedures  of  SOC  and  SOH  estimation 

In  this  chapter  we  outline  the  software  used  to  implement  SOC 
and  SOH  estimation  using  the  hardware  described  above.  The  BMS 
captures  the  data  related  to  voltage  and  current  of  the  battery 
modules  and  sends  it  to  the  MCU  via  the  I2C  interface  for  calcula¬ 
tion.  Once  the  dynamic  impedance  and  parameters  anow  and  bn ow 
are  derived,  the  current  SOC  and  SOH  can  be  calculated  and  the 
information  on  the  LCD  renewed.  Fig.  14  displays  the  program 
procedure. 

In  Fig.  15,  the  program  used  to  estimate  the  SOC  and  SOH  can  be 
divided  into  a  main  routine  and  an  interrupt  subroutine.  When  the 
program  begins,  the  I2C  interface,  the  LCD,  and  the  I/O  port  modules 
are  initialized.  In  accordance  with  the  sampling  frequency  of  the 
BMS,  the  timer  is  set  to  enter  interrupt  service  after  executing  one 
interrupt  each  second,  such  that  the  program  is  executed  repeat¬ 
edly.  Upon  entering  into  the  interrupt  subroutine,  a  connection  is 
made  with  the  BMS  via  the  I2C  interface  to  retrieve  data  related  to 
voltage  and  current  from  each  cell.  The  voltage  V  of  the  battery 
module  is  then  calculated.  First,  if  V  equals  0,  then  the  BMS  has 
already  initiated  the  protective  functions,  and  the  battery  module  is 


Fig.  14.  Microcontroller. 


cut-off  from  charging  and  discharging.  Thus,  the  program  is  ended. 
Next,  if  current  change  A/  is  0,  then  there  is  no  change  in  the  cur¬ 
rent,  and  the  interrupt  is  ended;  otherwise,  the  operations 
continue.  If  the  voltage  change  equals  0,  the  interrupt  is  ended;  if 
not,  then  the  various  parameters,  the  SOC,  and  the  SOH  are  calcu¬ 
lated  as  follows. 

Step  1:  Calculate  dynamic  impedance  (A\//A/)n  based  on  the 
latest  voltage  and  current  data  as  well  as  the  previous  voltage 
and  current  data. 

Step  2:  To  eliminate  extreme  values,  record  the  results  of  Step  1 
and  calculate  the  average  (A\//A/)n  of  the  three  latest  dynamic 
impedance  results  in  order  to  minimize  fluctuations. 

Step  3:  Record  the  results  of  Step  2  and  calculate  A(  AU/A/)n  using 
the  two  latest  results. 

Step  4:  Record  the  results  of  Step  3  and  calculate  A[A(A\//A/)n]n 
using  the  two  latest  results. 

Step  5:  Record  the  current  data  and  calculate  ASOCn  using  the 
Coulomb  counting  method  using  the  two  latest  sets  of  data. 
Step  6:  Record  the  results  of  Step  5  and  calculate  A(ASOCn)n 
using  the  two  latest  results. 

Step  7:  Substitute  the  results  of  Steps  4  and  6  into  Eq.  (9)  to 
derive  parameter  anow. 

Step  8:  Substitute  the  parameter  anow  derived  in  Step  7  into  Eq. 
(16)  to  obtain  parameter  finow- 

Step  9:  Substitute  the  results  of  Steps  3  and  5  and  parameters 
ano w  and  finow  into  Eq.  (7)  to  obtain  current  SOC. 

Step  10:  Substitute  parameters  anow  and  aorigin  into  Eq.  (18)  to 
calculate  SOH. 

Step  11:  Update  the  results  of  the  SOC,  SOH,  and  parameters  a 
and  b  and  display  them  on  the  LCD. 

Step  12:  End  the  interrupt  and  return  to  the  main  routine  until 
the  timer  reaches  1  s,  and  then  re-execute  the  interrupt. 


5.  Experiment  results 

This  study  used  a  battery  tester  (GBT-2636)  to  verify  the  pro¬ 
posed  SOC  and  SOH  estimation  methods.  The  battery  tester  allows 
users  to  set  experiment  step,  including  the  amplitude  of  the 
discharge  current  and  the  duration  of  the  step.  We  used  Samsung 
ICR18650-22P  lithium-ion  batteries  in  a  18650  package.  The  ca¬ 
pacity  of  each  battery  cell  was  2150  mAH.  All  relevant  specifications 
are  presented  in  Table  2  [43  . 

Fig.  16  presents  the  experimental  platform  comprising  the  bat¬ 
tery  tester,  the  8S1P  battery  module,  and  the  SOC  and  SOH  esti¬ 
mation  system.  The  8S1P  battery  module  was  used  in  the  all 
verification  experiments  in  this  study.  Ambient  temperature  was 
maintained  between  24  and  25  °C.  This  platform  was  used  to  verify 
the  proposed  dynamic  impedance  and  projection  methods.  We  first 
mapped  out  the  discharge  sequences  for  the  battery  tester,  setting 
the  discharge  current  amplitudes  and  duration  of  each  sequence. 
The  battery  tester  then  discharged  the  battery  module  until  the 
battery  ran  out  and  the  voltage  of  the  battery  module  decreased  to 
the  cut-off  voltage.  During  the  experiment,  the  battery  tester 
recorded  the  voltage,  discharge  current,  and  discharge  energy.  We 
analyzed  the  data  to  obtain  AV,  A/,  and  the  dynamic  impedance, 
plotting  the  corresponding  graphs  to  observe  the  trends  and  verify 
the  accuracy  of  the  proposed  estimation  methods. 

To  verify  the  accuracy  of  the  proposed  estimation  methods,  we 
first  used  the  battery  tester  to  establish  an  experiment  procedure 
comprising  eight  sequences,  as  shown  in  fable  3.  We  adopted  three 
different  currents  for  use  during  the  experiment:  2.15  A  (1  C),  4.3  A 
(2  C),  and  8.6  A  (4  C).  This  procedure  was  repeated  such  that  the 
battery  module  discharged  continuously  until  exhaustion,  while 
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Fig.  15.  Flowchart  of  proposed  SOC  and  SOH  estimation  method. 


simulating  the  load  variations  that  tend  to  occur  in  electric  vehicles 
as  a  result  of  variations  in  road  and  traffic  conditions.  As  the  voltage 
and  current  in  the  battery  module  changed,  we  calculated  the  dy¬ 
namic  impedance  and  thereby  observed  the  relationship  between 
dynamic  impedance  and  SOC  in  the  module. 

Fig.  17  presents  the  relationship  between  dynamic  impedance 
and  the  SOC  calculated  using  experimental-derived  data  using  a 
new  battery.  In  accordance  with  theoretical  predictions,  the  rela¬ 
tionship  between  dynamic  impedance  and  the  SOC  presented  a 
parabolic  curve;  the  red  curve  represents  the  trend  line.  When  the 
SOC  of  the  battery  was  close  to  100%  or  0%,  the  magnitude  of  dy¬ 
namic  impedance  increased.  In  contrast,  the  dynamic  impedance 
was  lowest  when  the  SOC  is  approximately  50%.  As  shown  in  Fig.  17, 
dynamic  impedance  and  the  SOC  present  a  quadratic  relationship, 
and  for  this  reason,  each  value  for  dynamic  impedance  corresponds 


to  two  values  for  SOC.  In  order  to  determine  a  single  value  for  SOC, 
we  calculated  the  rate  of  change  in  the  dynamic  impedance  with 
respect  to  the  SOC,  converting  the  quadratic  parabola  into  an  in¬ 
jection.  As  shown  in  Fig.  18,  this  resulted  in  a  single  SOC  solution  for 
each  A(AV/AJ)/ASOC  value. 

We  obtained  the  averages  of  dynamic  impedance  to  reduce 
calculation  errors,  make  the  curve  smoother,  and  prevent  unrea¬ 
sonable  SOC  values  due  to  dramatic  changes  in  the  dynamic 
impedance.  Fig.  19  presents  the  relationship  between  dynamic 
impedance  and  SOC  averaging  three  consecutive  points  for  dy¬ 
namic  impedance.  As  can  be  seen,  the  trend  of  the  curves  did  not 
change  from  that  presented  in  Fig.  17;  however,  the  changes  are 
smoother  and  can  thus  reduce  the  chance  of  misjudgment. 

After  calculating  the  rate  of  change  in  the  average  dynamic 
impedance  with  respect  to  SOC  in  Fig.  19,  we  derive  the  injection  of 
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Table  2 

Specifications  of  ICR18650-22P  lithium-ion  battery. 


Cathode 

Lithium  ion  NCA  (active  material) 
Polyvinylidene  fluoride  (binder) 
Carbon  black  (conductive  material) 

Anode 

Graphite  (active  material) 
Polyvinylidene  fluoride  (binder) 

Electrolyte 

Organic  solvents,  lithium  salt 

Rated  capacity 

2150  mAH 

Maximum  discharge  current 

10  A  (4.65  C) 

Rated  voltage 

3.62  V 

Maximum  voltage 

4.2  V 

Maximum  charge  current 

2.15  A  (1  C) 

Cut-off  voltage 

2.75  V 

Cell  weight 

44.5  g  (max) 

Cell  dimension 

Diameter:  18.4  mm  (max) 

Height:  65  mm  (max) 

A(AV/AJ)/ASOC  with  respect  to  SOC.  To  ensure  that  the  results 
calculated  from  the  average  values  did  not  deviate  significantly 
from  the  original  data,  we  compared  the  two  injections,  as  shown 
in  Fig.  20.  As  can  be  seen,  the  two  curves  are  nearly  identical,  with 
an  error  small  enough  to  be  considered  negligible.  These  experi¬ 
mental  results  verify  the  efficacy  of  the  dynamic  impedance 
method  proposed  in  this  study  in  obtaining  the  SOC  of  batteries. 

Next,  to  verify  the  proposed  projection  technique,  we  used  the 
battery  tester  to  charge  and  discharge  another  battery  module  at 
high  currents  for  long  time.  The  purpose  was  to  age  the  battery 
before  conducting  the  same  experiment.  Fig.  21  exhibits  the  rela¬ 
tionship  between  dynamic  impedance  and  SOC  after  the  battery 
has  been  aged.  As  can  be  seen,  the  trend  in  dynamic  impedance  is 
similar  to  that  of  a  new  battery;  the  magnitude  of  dynamic 
impedance  is  greater  when  the  SOC  is  near  100%  or  0%  and  smaller 
near  50%.  Once  again  dynamic  impedance  presents  a  quadratic 
parabola.  However,  compared  with  the  new  batteries,  the  dynamic 
impedance  is  far  greater. 

To  clearly  delineate  the  differences  between  new  and  aged 
batteries,  we  compared  the  dynamic  impedance  and  SOC  rela¬ 
tionship  curves  of  batteries  with  three  different  degrees  of  aging 
(Fig.  22).  As  can  be  seen,  the  dynamic  impedance  of  the  aged  bat¬ 
teries  is  significantly  greater  than  that  of  the  new  battery,  and  the 
magnitudes  of  change  in  the  SOC  are  greater  as  well. 

After  calculating  the  rate  of  change  in  the  SOC  using  the  curves 
in  Fig.  22,  we  obtained  the  relationship  between  A(AU/A/)/ASOC 


Fig.  16.  SOC  and  SOH  estimation  experiment. 


Table  3 

Experiment  procedure. 


Sequence 

Current 

Continuous  time 

1 

8.60  A  (4  C) 

1  s 

2 

2.15  A  (1  C) 

1  s 

3 

4.30  A  (2  C) 

1  s 

4 

8.60  A  (4  C) 

1  s 

5 

4.30  A  (2  C) 

1  s 

6 

2.15  A  (1  C) 

1  s 

7 

8.60  A  (4  C) 

1  s 

8 

2.15  A  (1  C) 

1  s 

and  SOC  (Fig.  23).  It  is  clear  that  the  slopes  of  the  curves  for  the  aged 
batteries  are  greater  and  their  projections  on  the  SOC  axis  are 
shorter,  compared  to  new  batteries.  In  other  words,  the  available 
capacity  of  the  aged  batteries  is  smaller.  As  shown  in  Fig.  23,  the 
available  capacities  of  the  two  aged  batteries  were  only  84.83%  and 
89.1%  of  the  rated  capacity,  whereas  the  available  capacity  of  the 
new  battery  was  93.9%  of  the  rated  capacity.  This  verifies  the  ac¬ 
curacy  of  the  proposed  projection  method. 

Fig.  24  presents  the  proposed  real-time  SOC  and  SOH  estimation 
system,  which  includes  the  BMS,  the  MCU,  and  an  LCD.  As  shown  in 
Fig.  24(a),  the  real-time  estimation  system  comprises  two  tiers, 
each  containing  one  of  the  two  major  portions  of  the  system:  the 
lower  tier  contains  the  BMS,  which  collects  data  from  the  battery 
module  and  initiates  the  protective  functions,  and  the  upper  tier 
contains  the  MCU,  which  calculates  the  SOC  and  the  SOH  as  well  as 
the  LCD,  which  displays  the  results.  The  two  portions  are  connected 
by  an  I2C  interface.  Fig.  24(b)  and  (c)  display  the  BMS,  MCU,  and  LCD 
of  the  proposed  system.  The  BMS  includes  the  detection  circuit, 
which  measures  the  voltage  of  each  cell  in  the  battery  module  and 
the  charge  and  discharge  currents,  the  protection  circuit  for  OV,  UV, 
OC,  SC,  OT,  and  UT,  and  two  independent  charge  and  discharge 
loops.  The  MCU  on  the  upper  tier  receives  data  from  the  battery 
module  via  the  I2C  interface  and  calculates  the  SOC,  SOH,  and  pa¬ 
rameters  a  and  b  of  the  battery.  The  results  are  updated  on  the  LCD 
every  five  seconds. 

We  used  the  battery  tester  to  check  the  accuracy  of  the  devel¬ 
oped  real-time  SOC  and  SOH  estimation  system.  Using  the  standard 
charge  and  discharge  method,  we  discharged  the  battery 
completely.  We  then  adjusted  the  SOC  of  the  battery  from  100%  to 
0%  and  employed  the  proposed  estimation  technique  to  calculate 
the  SOC.  The  proposed  system  was  able  to  finish  calculating  the  SOC 
and  SOH  of  the  battery  in  approximately  ten  seconds.  The  two 
curves  in  Fig.  25  show  the  SOCs  set  by  the  battery  tester  and  the 
SOC  results  calculated  using  the  proposed  estimation  system.  As 
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Fig.  17.  Relationship  between  dynamic  impedance  and  SOC  in  a  new  battery. 
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Fig.  19.  Relationship  between  averaged  dynamic  impedance  and  SOC  in  new  battery. 


Fig.  22.  Comparison  of  dynamic  impedance  and  SOC  in  new  and  aged  batteries. 


can  be  seen,  the  calculated  results  are  consistent  with  the  actual 
SOCs,  presenting  error  of  less  than  5%.  This  confirms  the  accuracy  of 
the  developed  estimation  system  and  its  applicability  in  real-time 
detection. 

6.  Conclusion 

This  study  proposes  novel  SOC  and  SOH  estimation  techniques 
for  lithium-ion  batteries.  For  the  estimation  of  SOC,  we  define 
changes  in  voltage  over  changes  in  current  during  charging  and 
discharging  processes  as  dynamic  impedance.  For  the  estimation  of 
SOH,  a  projection  method  derives  the  SOH  according  to  the  rate  of 
change  in  dynamic  impedance  with  respect  to  SOC.  One  advantage 
of  these  techniques  is  that  they  do  not  require  initial  values  but 
rather  measure  the  dynamic  changes  in  the  battery  module  during 


the  charging  or  discharging  processes.  Simple  operations  are  then 
performed  to  calculate  various  parameters  and  provide  real-time 
results.  In  addition  to  using  dynamic  impedance  to  determine  the 
corresponding  relationship  between  the  SOC  and  the  SOH,  this 
study  also  derived  a  mathematical  model  using  parameters  ob¬ 
tained  by  capturing  the  dynamic  changes  in  the  battery  module. 
Theoretical  deductions  and  experimental  results  demonstrate  that 
changes  in  aging  of  the  battery  module  are  reflected  in  the  dynamic 
characteristics,  thereby  automatically  updating  the  parameters 
used  for  mathematical  modeling.  In  other  words,  the  SOC  is  closely 
linked  to  the  SOH.  To  verify  the  accuracy  of  the  proposed  estimation 
methods,  we  developed  a  complete  SOC  and  SOH  estimation  sys¬ 
tem  combining  an  MCU  with  BMS  without  the  need  for  additional 
testing  circuits.  The  BMS  retrieves  the  voltage  and  current  data,  and 
the  MCU  executes  the  estimation  methods,  thereby  achieving  real- 
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Fig.  24.  Proposed  real-time  SOC  and  SOH  estimation  system:  (a)  overall  system,  (b) 
BMS  and  (c)  MCU  and  LCD. 


time  estimation.  Experiments  results  confirm  that  the  estimated 
results  are  extremely  close  to  actual  values.  Errors  between  the 
estimation  results  and  actual  SOC  values  were  less  than  5%  within  a 
test  range  from  100%  to  0%. 
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Fig.  25.  Comparison  of  the  actual  SOC  and  estimated  SOC. 
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